Purified preparations of L cell virions (LCV) were found to: possess an associated DNA polymerase activity. This enzyme was active with poly(C), oligo(dG) and poly(Cm), oligo(dG) and was able to transcribe poly(A), oligo(dT). Endogenous DNA synthesis was also demonstrable in disrupted virion preparations but this reaction was enhanced, rather than inhibited, by RNase pre-treatment. The effects of variations in a number of the assay parameters on these activities were examined in an attempt to determine the class of DNA polymerase involved. Synthetic template-primers were from PL Biochemicals Inc. and unlabelled deoxynucleoside triphosphates, actinomycin D, dithiothreitol and ribonucleases were from Sigma Chemical Company. Nonidet P-4o was from Shell Chemical Company. Sucrose (ultra-pure, density gradient grade) was from Schwarz/Mann Inc., Orangeburg, New York. Other chemicals were of reagent grade purchased through Fisher Scientific.
INTRODUCTION
The presence of a retrovirus-like C-type particle, termed the L cell virion (LCV), in established lines of mouse L cells is now well documented (Dales & Howatsort, 1961; Nichols et al. 1973) but the relationship of this particle to the other murine retroviruses is not clear (Schafer et al. I972 ) . Retroviruses are characterized by a virion-associated enzyme, RNA-directed DNA polymerase, or reverse transcriptase (Green & Gerard, I974; Wu & Gallo, 1975) . It was suggested that an apparent replication defectiveness (Kindig & Kirsten, 1967) of this particle was a result of either a lack of an associated reverse transcriptase or the presence of an unusual enzyme type (Nichols et al. I973) , but the more recent demonstration that the LCV can replicate in certain mouse embryo cultures (Fenyo et al. 1974; Botis et al. I976 ) indicates that this question required a re-examination.
Our experiments were undertaken to determine if the LCV possessed a DNA polymerase and, if so, whether this enzymic activity was similar to that found in other murine retroviruses. In this report, we demonstrate that there is a DNA polymerase activity associated with virions of the LCV but this activity exhibits a number of unique properties. METHODS 
Cells and viruses. Mouse

DNA polymerase activity associated with sucrose density gradient purified LCV
Preliminary experiments indicated that IOOOOO g pellets of spent L cell supernatant fluid possessed a DNA polymerase activity in response to poly(C), oligo(dG) as template with Mn 2+ as divalent cation. This DNA polymerase activity sedimented as a single band at a density of I. 163 + o'oo9 g/ml (mean +_ s.d. of ten determinations on three virus batches) in sucrose density gradients ( Fig. I) . On examination of the DNA polymerase active fractions of the gradients by negative staining electron microscopy they were found to contain a large number of C-type virus particles. Furthermore, these particles could be labelled with ~H-uridine and exhibited a polypeptide composition similar to other retroviruses (Fig. 2) , i.e., a major polypeptide ofmol, wt. 3oooo and other bands at 15o00 and 7o0o0. It is thus evident that a DNA polymerase ~s associated with the LCV particles.
The LCV could also be initially concentrated by ammonium sulphate (AS) precipitation, as described by Nichols et al. (I973) , rather than by high speed centrifugation as utilized in the above experiments. Such AS-LCV preparations were inactive when assayed for an associated DNA polymerase, which may explain the failure of Nichols et al. (I973) to observe this activity (although these workers also used different assay conditions). However, this apparent absence of activity is probably due to the simultaneous precipitation of an inhibitor since a similar DNA polymerase could be isolated by DEAE cellulose chromatography from gradient purified LCV preparations, irrespective of the initial concentration procedure utilized (F. M. Hallinan et al. unpublished results) .
Template specificity of the LCV DNA polymerase
Oncovirus reverse transcriptases are distinguishable from other classes of DNA polymerase by virtue of their relative activities with certain synthetic template primers (Wu & Gallo, I975; Sarngadharan et al. 1976 ) and therefore the kinetics and relative activity of the LCV DNA polymerase with such complexes was examined. The incorporation in response to different templates is linear for up to 3o rain depending on the template-primer and divalent cation used ( Fig. 3 ). From such data, the relative activity of the LCV enzyme with different templates can be determined (Table I) . The data obtained with AMV reverse transcriptase, both virus-associated and purified, as a source of DNA polymerase are also presented for comparative purposes and these results are in agreement with those of other authors (Wu & Gallo, 1975; Kiessling & Goulian, 1976 ) . It is evident that the LCV DNA polymerase is more active with Mn z+ than with Mg 2+ as divalent cation, similarly to other mammalian virus DNA polymerases (Kiessling & Goulian, 1976) . The enzyme exhibits substantial levels of activity with poly(C), oligo(dG) and poly(Cm), oligo(dG), two template primers considered to be reverse transcriptase-specific (Wu & Gallo, 1975; Sarngadharan et al. 1976 ). However, in contrast to other reverse transcriptases the LCV enzyme appeared to be inactive with both poly(A). 01igo(dT) and poly(dA), oligo(dT), although poly(A), poly(dT) can be copied. As poly(A), oligo(dT) transcription is considered diagnostic of reverse transcriptase (Wu & Gallo, 1975; Sarngadharan et al. I976) , the activity of the LCV and two other murine retroviruses, MoMLV and RaMLV, with a number of complexes of (A). (dT)was examined ( Table 2 ). It was found that the LCV was capable of transcribing certain preparations of poly(A), oligo(dT) but that the absolute level of incorporation varies greatly depending on the particular complex used and the best complex was poly(A), oligo(dT) reannealled in our own laboratory: Activity with the commercially prepared complexes was variable, depending on the source and batch used. The virus was concentrated from the spent medium and centrifuged to equilibrium in a sucrose density gradient, as described. The gradient was fractionated from the bottom and 50/~1 samples of each fraction were assayed for TCA precipitable radioactivity. (b) For SDS-PAGE a 63"2/*g sample of density gradient purified LCV was adjusted to a final vol. of IOO/zl containing o'I ~ mercaptoethanol and o'1 ~ SDS and heated to lOO °C for 3 min. Bromophenol blue and sucrose were then added and the sample was applied to a 3 ~ stacking gel on a In ~ polyacrylamide running gel, prepared according to the tris-glycine buffered system described by Weber & Osborn 0975). The sample was electrophoresed initially at I mA/gel and then at 2"5 mA/gel until the marker dye approached the end of the gel. Parallel gels were run with cross-linked mol. wt. marker proteins which gave bands at the following mol. wt. : 14300; 28600; 42900; 57200; 53000 and IO6OOO. At the end of the run, the gels were removed from the tubes and after overnight staining with o-25 ~ Coomassie brilliant blue R-25o in methanolacetic acid the gels were diffusion destained at 65 °C in 5 ~ methanol-7-5 ~ acetic acid. 
oi ND * DNA polymerase activity was determined in duplicate, as described in Methods, after a 30 rain (LCV) or I5 min (AMV and AMV reverse transcriptase) incubation at 37 °C. The results are expressed as the relative incorporation relative to that obtained using poty(C).oligo(dG) and Mn ~+. The figures in brackets are pmol 3H-dGMP incorporated/rag protein (for LCV and AMV) or enzyme units (for AMV reverse transcriptase) per 15 or 30 min.
"~ Not determined. 
Character&tics of the exogenous reaction
The response of the LCV DNA polymerase activity with poly(C), oligo(dG) as template to variations in a number of assay parameters is shown in Fig. 4 and Table 3 . The enzyme is completely inactive in the absence of divalent cations (Fig. 4) and exhibits optima for Mn 2+ and Mg 2+ of o'5 and i.o mM respectively, while above these concentrations activity slowly decreases but is not completely lost even as high as zo mM. The LCV DNA polymerase is inactive in the absence of added detergent (Fig. 4) , implying it is associated with the virus core and not adventitiously adsorbed (Green & Gerard, I974) . Maximum activity is detectable by o'o5 ~ (v/v) NP-4o and this is maintained up to at least 2"5 ~. Omission of the other assay components, DTT and NaCI, results in only a sfight reduction in activity (Table 3) -
The LCV endogenous reaction
The virus band in sucrose density gradients which is detectable by activity with poly(C).oligo(dG) could also be detected by its endogenous DNA synthesis provided sufficient material was present. As not all of the fractions assayed for exogenous activity were assayed for endogenous activity, there is an apparent, but not real, difference in the peaks with the two assays. To our surprise, this endogenous reaction was enhanced rather than inhibited by RNase pre-treatment (Fig. I) . The kinetics of endogenous DNA synthesis by such sucrose density gradient purified virions, in the presence or absence of oligo(dT) and with or without RNase pre-treatment, was then examined (Fig. 5 )-DNA synthesis was in all cases approximately linear for at least 2 h and, as in other systems (Duesberg et al. I97I; Reitz et al. 1972; Sarin & Gallo, I974) , was activated by addition of oligo(dT). RNase pre-treatment was again found to enhance the incorporation and this effect was even more profound in the presence ofoligo(dT). These effects of RNase and oligo(dT)have been found in a number of different virus preparations of varying degrees of purity, i.e., the IOOOOOg pellet of crude supernatant, single or doubly banded sucrose density gradient purified virus. Under similar reaction conditions the endogenous DNA polymerase reaction of AMV is inhibited and 3H-uridine labelled L cell RNA is degraded (F. M, HaUinan et al. unpublished observations), indicating that these conditions are appropriate for demonstrating RNase sensitive endogenous DNA synthesis with other retroviruses and that the ribonucleases used are active.
This endogenous activity appears to be an inherent constituent of the particle rather than an adsorbed contaminant, since, like the virion-associated exogenous activity, detergent activation is required for detection of activity (Table 3 )-The optimum detergent concentration for other murine reverse transcriptase reactions is o-oi ~ with the reaction being inhibited at o.o2 ~ (Green & Gerard, I974). Therefore, the LCV endogenous activity of our preparation was examined at a number of detergent concentrations, with and without RNase pre-treatment. Although the ratio of activities varied slightly at the different NP-4o concentrations (Table 4 ), in no case did the endogenous activity show the expected reverse transcriptase characteristic of inhibition by RNase pre-treatment. The response of the activity, in the presence or absence ofoligo(dT), to the omission of other reaction components is similar to the exogenous activity; a divalent cation is essential while monovalent cation and reducing agents enhance the activity (Table 3) -Basically, three types of deoxyribonucleotide polymerizing activities are now known: RNA-directed DNA polymerases, DNA-directed DNA polymerases (Bollum, I975; Weissbach, 1977) and terminal transferases (Bollum, I974) , which catalyse the non-templated * Exogenous activity was determined on duplicate samples as described in Methods with poly(C), oligo(dG) as template. Samples were assayed after a 15 rain incubation at 37 °C; lOO ~ incorporation was 2382"49 pmol 3H-dGMP/mg protein/I5 min.
t Endogenous activity was determined on duplicate samples as described in Methods after a 60 rain incubation at 37 °C; IOO ~ incorporation was 83"54 pmol aH-TMP/mg protein/6o rain.
: I02" I 183 '2 t "79 0'I5 98'5 162"9 t'66 0"IO I I6"5 I56"6 1"35 0"05 124"6 2oi "8 I "62 O'02 67"7 58"I 0"86 O"O15 33"2 33"2 0"98 0"0IO 23"4 28'7 I'22 0'005 24'9 22"5 0'9I 0"00I 25" 5 25"I 0'98 --21" 9 25" 7 I'I8 * DNA polymerase activity was measured, after a 15 min pre-incubation at the indicated NP-4o concentration, in a 90 rain reaction as in the legend to * DNA polymerase activity was measured after a 60 min incubation at 37 °C, as in the legend to Table 3 , with the following modifications: for the reactions using 3H-dGTP, unlabelled dGTP was replaced by unlabelled dTTP at the same concentration and the 3H-dGTP used was 16'4 Ci/mmol, 0"0667 mCi/ml. "~ Indicates label incorporated in reaction. :~ IOO~ incorporation was 65"7 pmol 3H-dTMP/mg protein/6o rain and I36't pmol aH-dGMP/mg protein/6o min.
addition of deoxynucleoside triphosphates to the 3'-OH end of an oligodeoxynucleotide primer. The virion-associated endogenous activity could conceivably be due to one of these three enzymes, to some combination of them, or to a novel type of deoxynucleotide polymerizing activity. The endogenous activity was therefore examined under differing conditions designed to distinguish between these possibilities (Table 5 )-The enhancing effects of RNase are clear evidence that the activity is not due solely to an RNA directed enzyme. Similarly, the activity does not appear to be a DNA directed DNA polymerase alone since it is not completely inhibited by the omission of dNTPs and since it responds differently to addition of oligo(dT) primer depending on the labelled substrate used. The activity is also distinguishable from classical terminal transferase (Bollum, I974) by the inhibitory effect of oligo(dT) on aH-dGTP incorporation and by the inhibition of incorporation by omission of three dNTPs (Sarin & GaUo, ~976) .
We have attempted to demonstrate reverse transcriptase in a number of LCV preparations by analysis of the products produced in the endogenous reaction, in the presence or absence of oligo(dT), using the simultaneous detection technique (Kacian & Spiegelman, I974) but no peak of 7oS associated aH-DNA was detected.
DISCUSSION
In recent years, there have been a large number of reports dealing with the biochemical characterization of DNA polymerases associated with retroviruses or related particles produced by different murine cell types (e.g. Kontor & Krueger, r976; Yaniv et al. t976; Allaudeen & Bertino, I977; Dion et aL I977; Kohno & Tanaka, I977; Modak & Marcus, I977; Schmidt et aL 1977) but this report is, to our knowledge, the first demonstration of such an activity associated with the LCV. The failure of other workers (Nichols et al. I973) to detect this activity was probably a result of the co-precipitation of an inhibitor during the virus purification although the use of a poor template, denatured DNA, may also have contributed.
This DNA polymerase activity can be regarded as virus-associated since it bands with retrovirus particles (identifiable by morphological and biochemical criteria) in sucrose r.M. HALL1NAN, S. H. S. LEE AND K. R. ROZEE density gradients and requires detergent activation. It exhibits many of the activity characteristics of a mammalian virus reverse transcriptase, i.e. preference for Mn 2+ over Mg 2+, utilization of poly(C) and poly(Cm) as templates and transcription of poly(A), oligo(dT). The variation in activity using different preparations of poly(A), oligo(dT), with all three murine retroviruses examined, is also noteworthy. Similar observations have been made with regard to variations in activity with batches of poly(C), oligo(dG) (Sarin & Gallo, I974; Kiessling & Goulian, I976) and it therefore behoves us to examine critically all instances of negative or low activities with these complexes relative to some well characterized standard.
All other retroviruses examined to date exhibit an endogenous reaction which is substantially inhibited by RNase pre-treatment whereas the LCV reaction is enhanced. This enhancement is real as it occurs over a relatively wide time range and at varying detergent concentrations, is exhibited by a number of different LCV preparations of varying degrees of purity and is not found with AMV under similar reaction conditions. A number of mechanisms could be postulated to account for this effect involving unusual polymerase or nucleic acid or polymerase-nucleic acid associations in the LCV relative to other retroviruses. Our attempts to demonstrate reverse transcriptase in these particles by simultaneous detection have proved negative. It should be pointed out, however, that a negative result with this technique is not definitive and may arise from degradation of the virus RNA, dissociation of the RNA-DNA hybrid or insufficient virus. The latter seems likely as our major difficulty has been in isolating sufficient virus owing to the low level of production, even by stimulated cultures. Our results demonstrate that the endogenous activity is not explicable as a result of the unique action of RNA-or DNA-directed DNA polymerase or terminal transferase. The finding of, substantial levels of deoxynucleotide polymerization by disrupted virions (with or without RNase pre-treatment) in the presence of a single deoxynucleoside triphosphate and oligo(dT) is in agreement with the recent observations of others (Ashley et al. I977; Marcus & Sarkar, I978 ) . This type of synthesis is difficult to interpret in terms of the traditional model (Green & Gerard, I974) of the endogenous reaction and has been suggested to be due to terminal transferase (Ashley et al. I977) or reverse transcriptase on a reannealed complex of poly(A) and oligo(dT) (Marcus & Sarkar, I978) . Whatever the mechanism it is becoming apparent that the traditional model of the endogenous reaction may not be applicable in every case. However, further work will be required to elucidate the molecular changes producing this unique effect and we are currently examining this problem.
The LCV was possibly the first of the endogenous viruses to be discovered and it is somewhat surprising, therefore, that our knowledge of the origin of this particle is so limited. Other workers have shown that the LCV differs from other routine retroviruses antigenically (Schafer et al. I972 ) and biologically (Fenyo & Grundner, 1973; Fenyo et al. 1974 ) and our present results show that these differences are also manifested at the DNA polymerase level. The biological significance of these observations remains to be elucidated but it may be of importance that this particle, unlike many of the more well-studied retroviruses, is not subjected to the selective process of growth to high titre in susceptible cells.
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